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Abstract. The Microwave Limb Sounder on Aura has produced an extensive set of mea-3

surements of CO in the middle atmosphere. The measurements are usable from the up-4

per troposphere up to 90 km altitude. We describe these measurements and validate them5

by demonstrating their internal consistency and comparing them to other remotely-sounded6

measurements. Comparisons with other measurements suggest that MLS has a positive7

bias of 25-50% in the mesosphere and a negative bias of up to 70% in the (almost CO-8

free) lower stratosphere. The geophysical features observed in the MLS CO field show9

excellent qualitative agreement with other measurements.10

1. Introduction

Carbon monoxide (CO) in the atmosphere has two11

main sources: combustion at the Earth’s surface, and12

the photolysis of carbon dioxide in the mesosphere and13

thermosphere [Solomon et al., 1985; Allen et al., 1999].14

The main loss mechanism is oxidation by the OH radical.15

The balance between the two sources and the sink leads16

to relatively large amounts of CO in the troposphere and17

the upper mesosphere, with extremely small amounts in18

the lower stratosphere. The lifetime of CO varies from19

5-10 days in the upper stratosphere to over 40 days at20

the mesopause and in the lower stratosphere[Allen et al.,21

1999], so that the diurnal cycle is small and the molecule22

acts as a tracer of atmospheric motion. The first mea-23

surement of CO in the mesosphere was made using a24

microwave technique [Waters et al., 1976] and was con-25

sistent with the general picture that we have described.26

The Microwave Limb Sounder [Waters, 2006] (MLS)27

on the Aura satellite has made daily global measurements28

of the mixing ratio of CO since August 2004. These29

are the most extensive set of measurements to date of30

middle-atmosphere CO. In this paper we describe the31

measurements, show that they are internally consistent,32

and compare them to several other datasets. We restrict33

ourselves to the stratosphere and mesosphere; the upper34

troposphere presents a sufficiently different problem of35

both validation and measurement that it is considered36

in a separate paper [Livesey and Others, 2007]. We de-37

scribe the second publicly-released version of the MLS38

data: version 2.2. For CO, this is a substantial improve-39

ment on the previous release (version 1.5); we briefly de-40

scribe the differences between the two versions.41
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2. MLS Measurements

2.1. Overview

2.1.1. The instrument42

The MLS instrument [Waters, 2006] is essentially a43

small radio telescope. It flies on the Aura satellite [Schoe-44

berl et al., 2006] which is in a sun-synchronous polar or-45

bit; the nominal equator-crossing time is 13:45. MLS46

views the limb looking forward from the satellite, so that47

the latitudinal coverage is from 82◦S to 82◦N every day.48

The antenna scans the limb exactly 240 times per orbit49

and there are approximately 14.5 orbits per day. Each50

scan across the limb provides radiance measurements at51

120 tangent altitudes. These are spaced 300 m apart in52

the troposphere, 1.5 km apart in the stratosphere and53

lower mesosphere and 3 km apart in the upper meso-54

sphere. The radiation received from the atmosphere is55

fed from the antenna to five heterodyne radiometers cov-56

ering spectral regions near 118 GHz (two polarizations),57

191 GHz, 240 GHz and 640 GHz. (A sixth radiometer at58

2500 GHz is fed by a separate antenna.) The output of59

the five GHz radiometers is analyzed by 26 spectrome-60

ters: 22 filter banks and 4 digital autocorrellator spec-61

trometers (DACS). Most of the filter banks are located62

so that they cover a frequency range centered on a sin-63

gle spectral line of a target molecule. Microwave spectral64

lines show strong pressure broadening: a line which is65

1MHz wide at 0.3 hPa (56 km) will be 300 MHz wide at66

100 hPa (16 km). For this reason the filter banks are im-67

plemented with narrower filters towards the band center.68

The heterodyne nature of the radiometers means that69

each spectrometer is affected by two quite separate spec-70

tral regions or sidebands, one on each side of the local os-71

cillator (LO) frequency. The sideband not containing the72

target line is not filtered out. Instead, the LO frequency73

is chosen so that, for the most important measurements,74

the non-target sideband is in a spectral region with no75

strong lines. (The 118 GHz radiometer is an exception;76

it is a single-sideband radiometer.)77

The MLS carbon monoxide measurements are made by78

the 240 GHz radiometer. This has one filter bank (Band79

9, abbreviated to B9F) and one DACS (Band 25, abbrevi-80

ated to B25D) centered on the 230.538 GHz spectral line81

of CO. Band 9 consists of 25 channels with widths rang-82

ing from 6MHz to 96 MHz, giving a total width of over83

1GHz. Band 25 consists of 129 channels with a width84

of 97.6 kHz giving a total width of 12.5 MHz. Figure 1 Figure 185

shows radiances arriving at the MLS radiometer in each86

sideband, calculated with a radiative transfer model.87

2.1.2. The retrieval technique88

The MLS retrieval technique is described in detail by89

Livesey et al. [2006]. Very briefly, the optimal estimation90

formula [Rodgers, 2000] is used, with one profile being91

retrieved for each scan. As the instrument view is along92

the direction of travel and retrieved profiles are spaced93

by only 1.5◦ great circle arc, the atmospheric region cov-94

ered by several retrieved profiles influences the radiances95

measured from an individual scan. To handle this tomo-96

graphic aspect of the measurement, the state vector x97

is a “chunk” of about 12 profiles and the measurement98

vector y is 12 scans. The chunks overlap slightly; the fi-99

nal product is constructed by discarding the end profiles100

from each chunk. The forward model is sufficiently non-101

linear that a Marquadt-Levenberg technique is required102

to find the solution.103

2.2. Radiance spectra and residuals

For the retrieval to be internally consistent, we require104

that radiances calculated from the retrieved profile are in105
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agreement with the original measurements. By “in agree-106

ment” we mean that the differences are of a similar size to107

the measurement noise. In figure 2 we show zonal mean figure 2108

radiances and residuals, that is, the difference between109

measured and calculated radiances, for Band 9. Approx-110

imately 200 spectra were averaged together to make the111

figure. The dashed lines show the expected level of ran-112

dom noise in the averaged data; the noise on a single scan113

is
√

200 ≈ 14 times larger than this. Clearly the retrieval114

is achieving closure to within the single-profile measure-115

ment noise. However, the figure suggests that there are116

spectral features in the residuals at a level of 0.2 K, im-117

plying that the retrieval should not be considered closed118

if the data were averaged for more than a single day. In119

figure 3 we show radiances and residuals for Band 25. figure 3120

2.3. Data usage and screening

The data are provided in HDF-EOS5 format. In ad-121

dition to the field containing the retrieved volume mix-122

ing ratio (L2gpValue) the files contain several additional123

fields which indicate the quality of the retrieved profile.124

The field L2gpPrecision is the diagonal elements of the125

covariance matrix, Ŝ, of the retrieved state vector x̂. This126

field contains error contributions from the measurement127

error and the smoothing error. Where the magnitude of128

L2gpPrecision is greater than 50% of the a priori error,129

the sign of this field is set to be negative. Data should not130

be used if the corresponding element of L2gpPrecision131

is negative.132

The field Status is a single integer for each profile,133

which is to be regarded as a set of 32 binary flags. The134

meanings of these flags are the same for all MLS products135

and are indicated in table 1. A profile should not be used table 1136

if any of bits 0, 8 or 9 are set. For the middle atmosphere137

there is no need to reject CO profiles with bit 4 set. (Note138

that bit 5 is not used for CO, or any other products of the139

240 GHz radiometer.) If set at all, bit 6 should be set for a140

whole day, to indicate that no meteorological assimilation141

was available as a priori values for temperature and that142

a climatological zonal mean was used instead. The CO143

data should be usable under these circumstances, but144

should be treated with caution. The field Quality gives145

an indication of whether the retrieved profile is consistent146

with the measured radiances. Quality is calculated as147

1/χ2, where148

χ2 = (y − F (x))T
S
−1

y (y − F (x))149

Here, F is the forward model and Sy is the covariance150

matrix of the measurement noise. Only those radiances151

which have a significant effect on the CO product are in-152

cluded in the measurement vector y for this calculation.153

On inspecting the version 2.2 data, no clear relationship154

is observed between obviously bad CO profiles in the mid-155

dle atmosphere and Quality, possibly because the calcu-156

lation is dominated by the troposphere. For CO, Quality157

usually lies between 1.5 and 3; as a precaution it is sug-158

gested that profiles should be rejected if Quality is less159

than 0.2. The field Convergence is a ratio of χ2 at the160

end of the retrieval process to the value predicted at the161

previous step. This ratio should be close to unity; profiles162

with Convergence > 1.8 are clearly wrong in most cases163

and should always be rejected.164

2.4. Data precision and resolution

2.4.1. Resolution165

The averaging kernels for the retrieval of CO are shown166

in figure 4. The full width at half maximum of the ker- figure 4167
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nels is 3-4 km below 60 km and 7-8 km above 60 km. This168

is more or less the resolution of the retrieval grid, which169

has 6 levels per pressure decade below the 0.1 hPa level170

and 3 levels per pressure decade above this. The to-171

mographic nature of the retrieval as described in sec-172

tion 2.1.2 means that we need to consider the horizon-173

tal resolution as well. The complete averaging kernels174

include both horizontal and vertical dimensions; the ver-175

tical averaging kernels shown in figure 4 are formed by176

integrating the complete kernels in the horizontal dimen-177

sion for 5 along-track scans. The profile positions are178

spaced approximately 165 km apart along the measure-179

ment track; inspection of the horizontal averaging ker-180

nels (not shown) indicates that the resolution along this181

direction is in the range 200-330 km. In the direction per-182

pendicular to the measurement track, the measurement183

footprint is approximately 6 km across. The distance be-184

tween measurements depends on latitude; away from the185

limiting latitudes of ±82◦, adjacent orbits are about 24◦

186

of longitude apart.187

2.4.2. Precision and noise188

The precision values supplied with the data (field189

L2gpPrecision in the data files) are the diagonal ele-190

ments of the covariance matrix of the retrieved profile,191

Ŝ; we shall refer to them as the retrieved precision. They192

contain contributions from the measurement noise and193

from smoothing error (see Rodgers [2000]). This means194

that the random scatter in the data should be no larger195

than the retrieved precision. Where the a priori makes196

a large contribution to the retrieved profile, the random197

scatter should be much smaller than the retrieved preci-198

sions. We checked this by examining the scatter in the199

retrieved data within 10◦ of the equator, where there is200

expected to be little natural variability in the mixing ra-201

tio. Figure 5 shows that the standard deviation in the Figure 5202

data is consistently smaller than the retrieved precision,203

by a factor of approximately 0.7. At low latitudes, the re-204

trieved precision and scatter for single profiles are greater205

than 100% of the mixing ratio for altitudes between 20206

and 70 km, so considerable averaging is needed to make207

use of the data. Near the winter pole the CO mixing208

ratios are larger than the precision over a much larger209

altitude range, due to descent of CO-rich air in the polar210

vortex.211

Both the high vertical resolution and high noise of the212

CO product are the result of choosing large a priori errors213

and only a small smoothing constraint. This was consid-214

ered necessary for CO to reduce biases in the region of215

the vortex edge, where the mixing ratio can vary by or-216

ders of magnitude over a short distance. An appropriate217

a priori for regions outside the vortex would constrain218

the profile unacceptably inside it.219

2.5. Estimate of systematic uncertainties

The retrieved precisions (L2gpPrecision) provided220

with the data do not include the vast majority of sys-221

tematic error sources. (They do include the smoothing222

error, which is supposed to account for any errors in the223

a priori and which could in some ways be considered as a224

systematic error.) In this section we estimate the various225

systematic contributions to the total error in the retrieved226

CO mixing ratio. The errors are estimated by an end-to-227

end exercise of the retrieval system. Beginning with a set228

of profiles that we regard as “truth,” we generate a set of229

simulated radiances using the forward model, and then230

retrieve a set of profiles to match the truth. This set of re-231

trieved profiles are regarded as the base for comparisons.232

The set of profiles chosen consist of two orbits which sam-233
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ple a chemical transport model (CTM). The CTM was234

driven with meteorological data from 1996; the day cho-235

sen for the tests was 20 February. We next perturb the236

forward model in a number of ways, and feed the result-237

ing radiances into the retrieval program. The results of238

each of these tests are compared to the base case. In ad-239

dition, we compare the base case to the truth to estimate240

the errors due to numerical issues in the retrieval code.241

Each perturbation corresponds to either a 2-σ estimate242

of uncertainty in the relevant parameter or an estimate243

of the maximum reasonable error in the parameter. More244

information on this assessment is given in Appendix A of245

Read et al. (EOS Aura Microwave Limb Sounder Upper246

Tropospheric and Lower Stratospheric Humidity Valida-247

tion, submitted, 2007).248

In examining the results of these tests, we observe249

that the various perturbations all cause a multiplicative250

change, but also cause extra random differences. The251

random differences are generally smaller than the re-252

trieved precision and we assume that they go to make253

up some of the observed scatter in the data shown in254

figure 5. In the remainder of this section we assess the255

purely systematic effects of the perturbations. We quan-256

tify these effects by assuming that mixing ratio in a per-257

turbed test, xp, is a multiple of that in the base case, xb,258

so that xp = kxb. We estimate k by performing a least-259

squares fit with k as the only adjustable parameter and260

present the results as a percentage error (|100 ∗ (k − 1)|).261

2.5.1. Gain compression262

This error originates from the spectral signature intro-263

duced in calibrated MLS radiances by departures from a264

linear response within the signal chains; it can lead to er-265

rors of ±5−10% at most altitudes, with worst-case errors266

of 25% at some levels in the lower stratosphere.267

2.5.2. Standing waves268

This error reflects the contribution of standing waves269

within the MLS instrument to the calibrated radiances.270

The error can be up to ±10% below 35 km, dropping to271

a small percentage above that.272

2.5.3. Scan jitter273

This is essentially a random error in pointing which274

occurs because the motion of the scan actuator is not275

perfectly smooth. Its effect as judged by this test is very276

small: ±1% in the lower stratosphere falling to less than277

±0.5% at higher altitudes.278

2.5.4. Field-of-view shape uncertainty279

For these tests the antenna shape was expanded by280

a factor equivalent to the 2-σ error in the beam width.281

it This has little effect for the 240 GHz radiometer but282

causes errors in CO in the lower stratosphere of 4-8% for283

the 118 GHz radiometer (which provides temperature /284

pointing). This is presumably because that radiometer285

operates at a longer wavelength and hence has a broader286

antenna pattern. This in turn makes it more sensitive to287

how well that pattern is characterized.288

2.5.5. Sideband Fraction289

The sideband fraction is the fraction of the radiance290

recorded by the radiometer that comes from a particu-291

lar sideband. This was measured during the pre-launch292

calibration of the instrument [Jarnot et al., 2006]. The293

sideband ratios of the 240 GHz radiometer contribute a294

±3% error. The sideband ratios of other radiometers295

have essentially no effect on CO.296

2.5.6. Antenna offset297

The MLS antenna effectively points to a slightly differ-298

ent tangent height for each sideband of each band. Full299

details and an error estimate are given by Cofield and300

Stek [2006]. CO is affected by the offsets of two bands:301
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its own band (B9F), and the O2 band (B1F) at 118 GHz302

used for temperature and pointing. These were tested303

separately. The offset angle for B1F was perturbed by304

0.002◦, leading to differences of about 5-10% in CO mix-305

ing ratio. The offset angle for B9F was also perturbed by306

0.002◦ in both sidebands. This lead to differences of 3-5%307

in the upper stratosphere/lower mesosphere and 15-25%308

in the mid-lower stratosphere.309

2.5.7. Spectroscopy310

The forward model requires several spectroscopic pa-311

rameters for each spectral line. Most of these parameters312

are known very accurately, for example, the line center313

frequency is known to within 0.5 kHz, and the line in-314

tensity to well within 1% [Pickett et al., 1996]. Other315

parameters are poorly known, but large errors in them316

have a small effect on the retrieved product; the pressure317

shift is the most obvious example. The critical parameter318

for most lines is the pressure broadening coefficient. We319

have run several tests in which the pressure broadening320

coefficients of all lines for a given species were perturbed.321

The only species significant for CO are CO itself, O3 and322

O2. The CO, O2 and O3 line widths were perturbed by323

5%, 3% and 3% respectively, these being the approxi-324

mate uncertainties in the line widths. The perturbations325

caused maximum errors in the retrieved mixing ratio of326

5%, 20% and 30%. The large percentage errors caused327

by the O2 and O3 line widths occur only in the lower328

stratosphere where the CO mixing ratio is very small.329

2.5.8. Clouds330

Clouds have a very large effect on the retrieval of CO331

in the upper troposphere. They have no direct effect332

on the middle atmosphere measurements, but can have333

some indirect effects on the retrieved mixing ratio as the334

tropospheric and middle-atmospheric values are retrieved335

together. Testing suggests that this effect is small, adding336

±5% extra random error and less than ±1% non-random337

error. However, the presence of clouds in the troposphere338

is one reason for convergence failure. Proper use of the339

Convergence values as described in section 2.3 should340

ensure that profiles affected in this way are not used for341

scientific studies.342

2.5.9. A priori343

We tested the effect of a different a priori on the re-344

trieval. The perturbed a priori was generated as follows:345

• For P < 100 hPa : multiply current a priori by 2.0346

• For P ≥ 100 hPa : The larger of current a priori347

×2.0 and current a priori + 50 ppbv348

The results suggest that a poor a priori could introduce349

errors of around ±5− 15%. Separate tests demonstrated350

that using a different a priori for temperature, water va-351

por or ozone causes less than 1% bias and adds only 5%352

extra randomness to the CO retrieval.353

2.5.10. Summary of systematic errors354

The various sources of systematic error are summa-355

rized in Figure 6. At most altitudes, the main error Figure 6356

sources are retrieval numerics, followed by gain compres-357

sion. In the mesosphere, spectroscopic and antenna off-358

sets provide the next largest contributions, while stand-359

ing waves are the next most important error in the strato-360

sphere. In the lower stratosphere, spectroscopy of the O2361

lines becomes even more important than gain compres-362

sion. An a priori profile which is too dissimilar to the true363

profile has the potential to be as significant as gain com-364

pression in the mesosphere and the dominant systematic365

error source in the lower stratosphere.366

2.6. Differences between v2.2 and v1.5

The first public release of the MLS data was called367
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version 1.5. In the preparation of version 2, a number of368

changes were made which affect the CO product, most369

important of which was to correct an error in the han-370

dling of the DACS data. As a result, the mixing ratios371

in the mesosphere decreased by 30% bringing them more372

closely into line with the ACE and SMR data discussed373

in section 4. There were also changes to the spectroscopy374

and to the a priori errors used. A combination of all of375

these changes resulted in the suppression of large and un-376

physical vertical oscillations in the CO profiles, especially377

in the 50-60 km region. This problem was not completely378

eliminated from v2.2, and traces of it can be seen in fig-379

ures 5, 8 and 10. Since the start of version 2.2 processing,380

the software has been updated once in order to ensure381

correct handling of some very rare error conditions. At382

this point, the specific version number was changed from383

2.20 to 2.21.384

3. Internal consistency and basic valid-
ation

Before comparing the MLS data to co-located mea-385

surements, we first ask if the retrieval is internally con-386

sistent and if the results look qualitatively similar to mod-387

els and to earlier measurements of CO. We have already388

confirmed, in section 2.2, that the radiance residuals are389

generally small, that is, that the retrieved profiles are390

consistent with the measured radiances.391

3.1. Consistency at co-located measurements

The MLS measurement track crosses itself many times392

in the course of a day. This means that there are many393

places at which MLS makes two measurements approxi-394

mately 12 hours apart, separated by less than 90 km. We395

take all such pairs of profiles for a day, average the dif-396

ference between the profile xa from the ascending leg of397

the orbit and that from the descending leg, xd. Figure 7 Figure 7398

shows both the mean difference399

∆xmean = xa − xd400

and the root-mean-square (rms) difference401

∆xrms =

√

(xa − xd)2402

For atmospheric variability much less than the measure-403

ment noise, we would expect the RMS difference to be404 √
2× the noise level on an individual profile. We ob-405

served in section 2.4.2 that this noise level is about 0.7×406

the quoted precision, so we should expect the RMS differ-407

ence to be very similar to the quoted precision. Figure 7408

shows that this is indeed the case. The mean difference409

should, of course, be small in some sense. For a test with410

n coincident pairs, we expect it to be smaller by a factor411

of
√

n than the RMS difference. In the example shown,412

n = 196 and
√

n ≈ 14 so the mean differences, which are413

around 1/14 of the RMS differences, can be considered414

satisfactory.415

3.2. Comparison with SOCRATES

SOCRATES [Khosravi et al., 2002] is the NCAR 2-416

D chemical transport model. The vertical range of the417

model is from the ground to 120 km with a resolution of418

1 km. The latitudinal resolution is 5◦. Both the code419

and a sample of the model’s output may be obtained420

from http://acd.ucar.edu/models/SOCRATES. We show421

in figure 8 the CO field from the SOCRATES sample out- figure 8422
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put for 28 June in the ninth year of the run and the MLS423

data from 27 June 2006. The two fields show the same424

general features: low values in the stratosphere, a rapid425

increase with height in the mesosphere, strong descent in426

the southern polar vortex and some signs of ascent over427

the summer pole. The most obvious differences are in the428

lower stratosphere where SOCRATES does not show as429

large values in the tropopause region as MLS.430

3.3. Comparison with ISAMS

ISAMS was a limb-sounding infrared radiometer which431

flew on the UARS satellite. ISAMS made the first432

daily global measurements of CO in the middle atmo-433

sphere which were of sufficient quality for detailed stud-434

ies [Lopez-Valverde et al., 1996]. (The first satellite mea-435

surements were made by the SAMS instrument on Nim-436

bus 7 [?]; the noise level of the SAMS measurements was437

such that many days data had to be averaged together438

to retrieve a profile.) The infra-red pressure modula-439

tion technique was used for the ISAMS CO measurement.440

Owing to technical problems with the instrument, data441

are only available from 26 September 1991 to 18 January442

1992 and from 27 March to 2 June and 19-22 July of443

1992. We show in figure 9 a zonal mean of ISAMS CO figure 9444

for early January 1992 and a zonal mean of MLS CO for445

9 January 2006. The two datasets show the same gen-446

eral features: a rapid increase in CO mixing ratio with447

height and descent of CO-rich air into the polar vortex.448

The details in the northern polar region are different;449

this is unsurprising given the large inter-annual variabil-450

ity in the polar vortex. Away from the vortex, the MLS451

CO mixing ratio increases more rapidly with height than452

that from ISAMS. This is probably because the vertical453

resolution of the ISAMS CO is 7-11 km while that of MLS454

is 4-7 km.455

4. Comparisons with correlative meas-
urements of CO

We compare the MLS data to two other remotely
sensed datasets: ACE-FTS and ODIN-SMR. Both in-
struments began operating before the launch of Aura and
are still operating at the time of writing. We interpolate
each correlative profile onto the pressure levels used by
MLS giving a profile xc. For each correlative profile we
then locate xm the MLS profile from the same day that
is geographically closest. The MLS coverage means that
this profile will be no further away than 12◦ in longi-
tude and 0.75◦ in latitude. We then calculate the mean
difference

∆xmean = xm − xc

and the root-mean-square (rms) difference

∆xrms =

√

(xm − xc)2

For the comparison to be entirely satisfactory, ∆xrms456

should be the same as the combined error of the two457

datasets, while ∆xmean should be much smaller. Because458

the CO mixing ratio varies so rapidly with height, we459

plot these differences as percentages: 100 ∗ ∆xmean/xc460

and 100 ∗ ∆xrms/xc.461

4.1. Comparison with ACE-FTS

The Atmospheric Chemistry Experiment, or ACE,462

(otherwise known as SCISAT-1) is a Canadian-led satel-463

lite mission launched in August 2003 into a circular orbit464

inclined at 74◦ to the equator [Bernath et al., 2005]. The465
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primary instrument is the ACE-FTS, a Fourier transform466

spectrometer with broad spectral coverage in the infrared467

(750-4400 cm−1) and high spectral resolution (0.02 cm−1)468

with a maximum optical path difference of 25 cm. Oper-469

ating in solar occultation, the ACE-FTS features a high470

signal-to-noise ratio (SNR) but has limited geographical471

coverage, measuring up to 32 occultations per day. The472

altitude sampling of the ACE-FTS measurements varies473

from ≈ 1.5 to 6 km, but the altitude resolution is 3-4 km,474

limited by the instrument’s field of view. The procedure475

for ACE-FTS retrievals is described by Boone et al. [2005]476

and the CO data were first presented by Clerbaux et al.477

[2005]. The data presented here are ACE version 2.2 re-478

sults. The ACE-FTS CO retrievals above 8 km employ 23479

CO lines in the 1-0 band, spanning a wavenumber range480

2086-2207 cm−1. The SNR in this region is over 300:1.481

Results below 15 km also make use of 8 lines in the 2-0482

band of CO in the range 4209-4286 cm−1, where the SNR483

is about 30:1.484

We display the ACE and MLS data by taking an ACE485

North-South sweep, and plotting the mean daily profiles486

(Figure 10). Co-located MLS profiles are plotted in ex- Figure 10487

actly the same way. It is clear that there are many sim-488

ilarities between the two datasets. The MLS data are489

more noisy and ragged, particularly near 60 km.490

The biases between the two instruments can be seen491

more clearly in figure 11, which shows mean profiles, and figure 11492

figure 12, which shows percentage differences. The bi-
figure 12

493

ases are about 50% in the stratosphere where the mixing494

ratios are very small. In the mesosphere, MLS is consis-495

tently 25% higher than ACE-FTS. This is consistent with496

the systematic errors which we estimated in section 2.5.497

Additional comparisons between ACE and MLS CO are498

shown in Manney and Others [2007]; they are generally499

consistent with the results shown here.500

4.2. Comparison with ODIN SMR

The Submillimetre Radiometer (SMR) forms the bulk501

of the payload of the ODIN satellite [Murtagh et al.,502

2002]. It operates on a similar principle to MLS, but has a503

more complex mission; in addition to limb sounding of the504

atmosphere it is also capable of radio astromony measure-505

ments. Timesharing between several aeronomy modes506

and radioastronomy observations means that SMR makes507

measurements of CO for about three days per month on508

average. The SMR CO retrieval is described by Dupuy509

et al. [2004]. The resulting data have been compared to510

ACE-FTS by Jin et al. [2005].511

The SMR data show qualitatively similar features to512

MLS, ACE, ISAMS and SOCRATES. We make a quan-513

titative comparison between SMR and MLS by taking514

all co-located pairs of profiles for five days in January515

2005 and calculating the mean difference and the RMS516

difference. SMR profiles are only used if the quality flag517

is set to 0, 4 or 8: profiles with any other value are re-518

jected as this indicates that the retrieval did not converge519

(Brice Barret, personal communication, 2006). Results520

are shown in Figures 13 and 14. We note that in the Figures 13 and 14.521

mesosphere, MLS shows a positive bias with respect to522

SMR, as it did with respect to ACE. However the MLS-523

SMR bias is larger, typically in the 50-80% range. In524

the lower stratosphere, the MLS values are much lower525

than the correlative measurements, as was the case in the526

comparison with ACE-FTS.527

5. Summary and conclusions

The MLS instrument has made the most extensive528
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set of measurements of CO in the middle atmosphere to529

date. We have shown that the retrieved V2.2 product is530

internally consistent and has the same general features531

as CO in models and historical measurements. Com-532

parisons with co-incident measurements suggest that the533

MLS mixing ratios have a high bias in the mesosphere.534

The comparison with ACE-FTS implies that this bias535

is about 25%, which is not much larger than the sys-536

tematic errors discussed in section 2.5. The comparison537

with ODIN-SMR shows differencs of up to 100% in some538

parts of the mesosphere. These differences are too large539

to be accounted for by the systematic errors assessed in540

section 2.5; it seems likely that they are in part due to541

systematic errors in the SMR data. The precision and542

resolution of the data are summarized in table ??.543
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Table 1. Meaning of bits in Status. Bits marked ‘Unused’
are reserved for use in future versions and should never be set
in version 2.2 data.

Bit Value Meaning

0 1 Do not use this profile (see bits 8-9 for details)
1 2 Profile questionable (see bits 4-6 for details)
2 4 Unused
3 8 Unused
4 16 May have been affected by high-altitude clouds
5 32 May have been affected by low-altitude cloud
6 64 GEOS-5 data not used for temperature a priori
7 128 Unused
8 256 Retrieval diverged or too few radiances available
9 512 Task retrieving this chunk crashed
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Figure 1. Calculated radiance spectra for the two parts
of the spectrum detected by band 9 of MLS. The num-
bered boxes indicate the 25 channels which make up the
band. The DACS (band 25) covers approximately the
same spectral region as the centre channel of band 9. The
measured radiance is the sum of the values from the lower
sideband (left) and upper sideband(right). The three
curves are for tangent altitudes of 20 km (top), 35 km
and 80 km(bottom). The positions of various spectral
lines are marked: the main interfering species are O3

and HNO3, including various isotopic and vibrationally-
excited variants. The target CO line is in the center of
the lower sideband.
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Figure 2. Radiances (above) and residuals (Measured
radiances - calculated radiances) (below) for Band 9. All
quantities are mean daily values for a 10◦ latitude bin
centered at 80◦N. The lines are for tangent heights of
20 km (thick), 45 km and 70 km (thin). Note that resid-
uals are shown only for channels that are used in the
retrieval. Channels 23-25 (at the left-hand side of the fig-
ure) are not used owing to the strong signal from Ozone
The dashed lines are the expected 1-σ random error in
this average, that is, the random error on a single mea-
surement divided by square root of the number of profiles
in the latitude bin. The target CO line appears at an in-
termediate frequency of 9117 MHz.
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Figure 3. Radiances (above) and residuals (Measured
radiances - calculated radiances) (below) for DACS Band
25. All quantities are mean daily values for a 10◦ latitude
bin centered at 80◦N. The lines are for tangent heights of
50 km (thick), 65 km and 80 km (thin). Channels 12-14
of band 9 are also visible in the plot. Note that residuals
are shown only for channels that are used in the retrieval:
Channel 13 of band 9 is not used as the DACS makes the
information it would provide entirely redundant. DACS
channels are not used where they overlap Band 9 channels
12 and 14. The dashed lines are the expected 1-σ random
error in this average, that is, the random error on a single
measurement divided by the square root of the number
of profiles in the latitude bin. The residuals exceed this
near the line center, where there is a noticeable Doppler
shift caused by wind that is not modelled. The target CO
line appears at an intermediate frequency of 9117 MHz.
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Figure 4. Averaging kernels for the retrieval of CO mix-
ing ratio. The thick black line is the integrated kernel:
values near unity indicate that almost all the information
at that level was contributed by the measurement system,
whereas lower values indicate increasing contributions
from the a priori information. The thick dashed line is the
full width at half-maximum of the averaging kernel. The
“approximate altitude” vertical co-ordinate used here
and in later figures is 16(3 − log

10
(Pressure/hPa)). The

kernels in this figure are for the equator, but those at
other latitudes are very similar.
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Figure 5. Retrieved precision and standard deviation
of MLS version 2.2 CO data within 10◦ of latitude of the
equator. The mean volume mixing ratio (VMR) is shown
for comparison.
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Figure 6. This figure shows the systematic percent-
age error caused by each of the significant error sources
described in the text. The three-digit codes indicate dif-
ferent systematic error tests as follows: NUM: Retrieval
numerical issues, A31: Gain Compression, A41: stand-
ing waves, A71: 118 GHz Field-of-view shape, A83: Ra-
diometer 1 offset, A84: Radiometer 3 offset, B12: O2

spectroscopy, B14: O3 spectroscopy, B19: CO spec-
troscopy, C15: CO a priori. The thick black line is
the root-sum-square combination of all the error sources
shown.
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located descending measurements. Results are the mean
of 238 pairs of profiles, each pair separated by less than
70 km. |Mean difference| means the absolute value of the
mean difference.
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Figure 8. (top) CO field from the SOCRATES 2-D
model. The data are taken from 28 June in the ninth
year of the model run. (below) Zonal mean MLS CO
from 27 June 2006.
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Figure 9. (above) Zonal mean ISAMS CO mixing ra-
tio for 13 and 15 January 1992. Two days are used, one
each side of a UARS yaw, to cover a wider range of lati-
tudes. Only daytime data are shown as ISAMS CO can
be retrieved over a wider vertical range for a sunlit atmo-
sphere. (below) Zonal mean MLS CO mixing ratio for 9
January 2006. This is the closest day to 13 January for
which V2.2 MLS data are available at the time of writing.
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Figure 10. (above) ACE-FTS CO mixing ratios for
days 31-72 of 2005. The data shown are for sunrise.The
sunrise latitude moves southwards during this period, so
day 72 is at the left-hand side of the figure. The black
bars near the bottom of the figure are the mean latitude
for the days plotted. Note the high mixing ratios in the
northern polar vortex. (below) MLS CO mixing ratios
for days 31-72 of 2005. The data shown are averages of
the profiles for each day which are co-located with the
ACE profiles shown in the upper panel.
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Figure 11. Mean of all ACE and all coincident MLS CO
profiles. The thin lines are the mean MLS single profile
retrieved precisions as provided with the data. Note that
the bias between the two instruments is approximately
30% throughout the mesosphere. It becomes larger in
percentage terms in the stratosphere as the mixing ratio
is so small.
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Figure 12. Differences between ACE and MLS ex-
pressed as percentages of the ACE mixing ratio.In both
cases the errors shown are single-profile retrieved preci-
sions.
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Figure 13. Mean of all SMR and all co-located MLS
profiles for 17, 22, 30, 31 January and 1 February 2006.
The thin lines are the quoted errors for a single profile
measurement.
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Figure 14. Differences between SMR and MLS for 17
22, 30, 31 January and 1 February 2006, expressed as
percentages of the SMR mixing ratio. The errors shown
are the single-profile retrieved precisions for the two in-
struments.


